Abstract: In this study, we attempted to evaluate air-conditioning sounds in a vehicle from the viewpoint of sound quality. First, we carried out an experiment to select suitable words for evaluating air-conditioning sounds in the compartment of a vehicle. The subjects of the experiment selected several words that were appropriate to represent images of the air-conditioning sounds from a list of adjectives. As a result of a cluster analysis of the experimental data, the seven evaluation words ''quiet,'' ''refreshing,'' ''heavy,'' ''wide,'' ''muddy,'' ''violent,'' and ''dry'' were selected as the evaluation words. Next, we carried out a subjective evaluation experiment by the rating scale method. The subjects of the experiment evaluated each presented sound in seven degrees for the seven evaluation words. As a result of a factor analysis, the air-conditioning sounds were found to be represented by three factors: ''rough,'' ''space,'' and ''refreshing.'' Finally, we carried out an experiment to evaluate the air-conditioning sounds using psychoacoustic parameters such as loudness and sharpness. As a result, we found that the rough factor correlated with loudness and space and refreshing factors correlated with sharpness.
INTRODUCTION
With recent developments of noise reduction technologies, various machinery noises have been greatly reduced. For example, vehicle noise, such as engine noise, road noise, and airflow noise around a vehicle, has been reduced. The insulation performance of noise from outside of a vehicle has also been improved. By these improvements, the quietness in the compartment of a vehicle is improved drastically [1] . Therefore, an air-conditioning system in a vehicle becomes one of the major noise sources in a compartment, making further noise reduction of the air-conditioning system is an important issue in the improvement of the quietness and comfort in a compartment. Recently, developments of electric vehicles and fuel cell vehicles have advanced rapidly. These vehicles have no engines, and hence the quietness in the compartment is considerably improved over that of an engine vehicle. Consequently, the air-conditioning sounds can be heard more easily, giving rise to the possibility of inducing uncomfortable feelings in the driver. With the increase in the number of these vehicles, it is thought that the demand for the reduction or improvement of air-conditioning sound with rise further. There are also other problems that complicate the evaluation of air-conditioning sounds in a vehicle. Currently, sounds from the air-conditioning system are generally evaluated in terms of the sound pressure level (SPL), and many countermeasures are taken to reduce the SPL of sounds. However, much cost is required to reduce the SPL of sounds, and the evaluation using SPL does not always match the hearing evaluation. Even if the sound pressure level is the same, images and feelings concerning noises differ greatly with a few differences in the frequency characteristics. These differences of images and feelings are attributable to the sound quality of sounds. It is, therefore, required that sounds from the air-conditioning system be not only reduced but also created as sounds inducing comfortable feelings.
In this study, we attempted to evaluate sounds originating from an air-conditioning system in a vehicle from the viewpoint of sound quality. First, we investigated words that represent the characteristics of the air-conditioning sounds. Next, we carried out a subjective evaluation experiment using the rating scale method for sounds in various air-conditioning modes, and performed a factor analysis to determine major factors that represent the characteristics of the air-conditioning sounds. Finally, we carried out an experiment to investigate what psychoacoustic parameter, such as loudness or sharpness, is correlated with the major factors that represent the airconditioning sounds.
SELECTION OF EVALUATION WORDS
We carried out an experiment to select suitable words that represent the characteristics of air-conditioning sounds in vehicles.
Measurement Conditions
In a vehicle, the air-conditioning system has some air outlets at various positions of the air-conditioning unit, and the air outlets can be changed to adjust the air-conditioning mode. Users can set the air-conditioning mode freely depending on season, temperature, and purpose. In general, images of the air-conditioning sounds change depending on air-conditioning modes, such as ''Vent-mode,'' ''Footmode,'' and ''Defroster-mode.'' ''Vent-mode'' is mainly used in summer and frequently used when the user wants to lower the temperature in the compartment. In this mode, the airflow is toward the face of the user. ''Foot-mode'' is mainly used in winter and frequently used when the user wants to raise the temperature in the compartment. In this mode, the airflow is toward the feet of the user. ''Defroster-mode'' is used when the window becomes clouded. In this mode, the airflow is toward the windshield. In this experiment, we employed air-conditioning sounds in the above three representative modes. We set each mode to ''Fan-max,'' where the fan rotates at the maximum speed and the air-conditioning sound was perceived to be the loudest. In the air inlet to the compartment, the air is recirculated in the Vent-mode, but is introduced from outside the compartment in the Footmode and Defroster-mode. The airflow for each mode is shown in Fig. 1 .
We recorded the air-conditioning sounds in a soundproof room where the ambient background noise was under 40 dB(A). In the recording, we used two nondirectional microphones that were installed at the ear positions of the driver. We recorded the air-conditioning sounds in the above three modes onto a digital audio tape (DAT) for five kinds of vehicles. In total, 15 kinds of the sounds were used in the experiment. In each recording, the engine of the vehicle was idling.
Experiment
The recorded air-conditioning sounds were presented to subjects of the experiment via headphones in a soundproof room (D-30). The sound pressure level (SPL) of each airconditioning sound was adjusted to the same level as in the vehicle compartment. The air-conditioning sound presentation sequence is shown in Fig. 2 . In the test, one airconditioning sound is presented to the subject three times. After presentation, subjects are given 30 seconds to evaluate the images of the air-conditioning sounds, followed immediately by the next test. In the evaluation, we asked the subjects to select several words that were appropriate for representing the images of the air-conditioning sounds from a list of 120 adjectives (evaluation words) referred to in Refs. [2] [3] [4] . Seventeen subjects in their 20's, who had normal hearing acuity, participated in the experiment. Each subject performed four sessions. In each session, 15 air-conditioning sound listening tests were performed. Therefore, each subject performed 60 tests, and, in total, the 17 subjects performed 1,020 tests.
Results
We performed a cluster analysis of data obtained from the experiment. Cluster analysis is aimed at classifying several objects into groups, i.e., clusters, corresponding to similarities between them. To classify the evaluation words into groups, we employed the cluster analysis using Pearson's correlations. Pearson's correlation is shown as [5] 
where r is the correlation coefficient and x i and y i are the numbers of selections of respective words for each target sound. x x and y y are the average values of x i and y i , respectively. S x and S y are the standard deviations of x i and y i , respectively. N is the total number of target sounds. We use the group average method as a clustering method. Table 1 shows ten adjectives selected by cluster analysis. The 120 evaluation words were classified into ten groups (adjectives). These groups, however, include adjectives that are not suitable as evaluation words, since their selection ratios were low. Therefore, in this experiment, we selected adjectives with high selection ratios as the evaluation words. As a result, the seven adjectives ''quiet,'' ''refreshing,'' ''heavy,'' ''wide,'' ''muddy,'' ''violent,'' and ''dry'' were selected as the evaluation words representing the characteristics of the air-conditioning sounds.
SUBJECTIVE EVALUATION EXPERIMENT
We carried out a subjective evaluation experiment of air-conditioning sounds by means of the rating scale method [6] using the seven evaluation words selected in the above described experiment.
Measurement Conditions
We recorded air-conditioning sounds by the same method as described in Sect. 2.1. In addition to the sounds under the condition of Fan-max, where the air-conditioning sounds are perceived to be the loudest, we recorded the sounds under the condition of Fan-middle, which is often used when the thermal comfort in the vehicle compartment is satisfactory. The sounds under the Fan-middle condition were recorded in the Vent and Foot modes. We employed, therefore, the sounds in the five modes of Vent-max, Footmax, Defroster-max, Vent-middle, and Foot-middle of the objective vehicles. Eleven vehicles were used for the recordings of various classes and models, as shown in Table 2 . In total, we recorded 54 kinds of air-conditioning sounds and used them in the subjective evaluation experiment.
Subjective Evaluation Experiment by Rating
Scale Method We presented the air-conditioning sounds in the five modes of Vent-max, Foot-max, Defroster-max, Ventmiddle, and Foot-middle in each vehicle to the subjects through headphones in a soundproof room (D-30). We adjusted the SPL of each air-conditioning sound to the same level (Fan-max; around 60 dB(A), Fan-middle; around 45 dB(A)) as in the vehicle compartment. The airconditioning sound presentation sequence is the same as in the previous experiment shown in Fig. 2 . In one test, an airconditioning sound is presented to the subject three times. After presentation, subjects are given 30 seconds to evaluate the images of the air-conditioning sounds, followed immediately by the next test. In the evaluation, we asked the subjects to evaluate the image of each presented sound in seven degrees (0 to 6 points) for each evaluation word selected in Sect. 2.3. Fourteen subjects in their 20's, who had normal hearing acuity, participated in the experiment. These subjects had also participated in the evaluation word selection experiment. Each subject performed 18 sessions. In each session, 15 air-conditioning sound listening tests were performed. Therefore, each subject performed 270 tests, and, in total, the 14 subjects performed 3,780 tests.
Factor Analysis
In this study, we carried out the factor analysis by the principal factor method to extract major factors of airconditioning sounds. The cumulative contribution ratios determined by the factor analysis are shown in Table 3 .
From the cumulative contribution ratios in Table 3 , the cumulative contribution ratio from the first factor to the third factor is more than 75%. We, therefore, extracted three factors in this experiment. Table 4 shows the factor matrix of the post-varimax rotation [7] , which is a method of simplifying the interpretation of the factor. This table presents the factor loading of each evaluation word for the three extracted factors. For the four words ''violent,'' ''dry,'' ''quiet,'' and ''muddy,'' their absolute values of factor loadings for factor 1 are relatively high. For ''heavy'' and ''wide,'' the absolute values of factor loadings for factor 2 are relatively high. For ''refreshing,'' the absolute value of the factor loading for factor 3 is relatively high. Therefore, we defined factor 1 as the ''rough factor,'' factor 2 as the ''space factor,'' and factor 3 as the ''refreshing factor.''
DISCUSSION
Here, we discuss relationships between the scores of the extracted factors in the previous section and the sound pressure levels (SPL dB(A)) of air-conditioning sounds. Figure 3 shows the relationship between the rough factor and the SPL (dB(A)). The factor score becomes large as the SPL increases, and there is a strong correlation (correlation coefficient = 0.97) between them. This result shows that the evaluation words ''violent,'' ''dry,'' ''quiet,'' and ''muddy'' strongly relate to the SPL. It is also shown that few subjects had a rough image of the air-conditioning sounds at a level below 60 dB(A), since the factor score became negative when the SPL was less than 60 dB(A). Figure 4 shows the relationship between the space factor and the SPL (dB(A)). There is little correlation (correlation coefficient = À0:03) between the space factor and the SPL in Fig. 4 . This result shows that the space factor represents characteristics of the air-conditioning sound that are different from the SPL. It is thought that this factor represents an air-conditioning sound quality that is different from the SPL; therefore, by investigating the space factor further, there is a possibility of evaluating the air-conditioning sounds from the viewpoint of sound quality. Figure 5 shows the relationship between the refreshing factor and the SPL (dB(A)). In Fig. 5 , the score of the refreshing factor becomes large as SPL decreases. The correlation between the refreshing factor and the SPL is high (correlation coefficient = À0:72). Since, however, the dependence of the refreshing factor on the SPL is weak, we cannot expect to improve the refreshing image greatly by reducing the SPL.
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SUBJECTIVE EVALUATION USING PSYCHOACOUSTIC PARAMETERS
In this section, we discuss the results of the relationship between the evaluation words representing the characteristics of the air-conditioning sounds and the psychoacoustic parameters of loudness and sharpness.
Psychoacoustic Parameters
Loudness is a subjective measure describing the strength of the ear's perception of a sound, and it is standardized in ISO 532B. On the other hand, sharpness is a sensation value that depends on the frequency. It is not yet standardized, and research on standardization are now at the forefront. The sharpness S is calculated from the loudness of a sound using
where N 0 is the specific loudness, z is the number of the auditory critical bands, and g 0 ðzÞ is the weighting coefficient, which depends on the number of auditory critical bands [8] . Table 5 shows Pearson's correlation coefficients between the scores of the evaluation words and the psychoacoustic parameters for the air-conditioning sounds of 11 vehicles (Table 2) .
Results
In Table 5 , loudness strongly correlates with ''quiet,'' ''dry,'' ''refreshing,'' ''muddy,'' and ''violent,'' and sharpness correlates with ''quiet,'' ''dry,'' ''muddy,'' ''violent,'' and ''wide.'' Both loudness and sharpness correlate with ''quiet,'' ''dry,'' ''muddy,'' and ''violent'' because there is a strong correlation between loudness and sharpness in this experiment (correlation coefficient = 0.88). It is, therefore, necessary to investigate the effects of respective changes in loudness and sharpness on each evaluation word.
Subjective Evaluation Experiment Using Process-
ed Sound To investigate the effects of respective changes in the psychoacoustic parameters, we carried out a subjective evaluation experiment using processed air-conditioning sounds with various loudness and sharpness. We selected three samples of air-conditioning sounds in the Vent-mode, and processed them using an equalizer. In the Vent-mode, the air-conditioning sound is perceived to be louder than in the other modes, because the air outlet is nearest to the driver's ears, and the blower fan noise is easily projected into the compartment because of using the recirculation mode. Thus Vent-mode noise reduction, in particular, is required. Therefore, we selected Vent-mode sounds as sample sounds. We changed the loudness and the sharpness of the sounds by reducing or enlarging the SPL in each auditory critical band. We changed the loudness from 7 to 30 sone in steps of 1 sone while the sharpness was constant (sharpness = 1.3 (acum)), and changed the sharpness from 0.8 to 2.5 acum in steps of 0.1 acum while the loudness was constant (loudness = 20 (sone)). The processed sounds were presented to the subject through headphones in a soundproof room (D-30). The processed sound presentation sequence was the same as that in the previous experiment shown in Fig. 2 . In the test, an air-conditioning sound was presented to the subject three times. After presentation, subjects were given 30 seconds to evaluate the images of the air-conditioning sounds, followed immediately by the next test. In the evaluation, we asked the subjects to evaluate the image of each presented sound in seven degrees (0 to 6 points) for each evaluation word. Ten subjects in their 20's, who had normal hearing acuity, participated in the experiment. These subjects had also participated in the previous experiment. Each subject performed 14 sessions. In each session, 15 air-conditioning sound listening tests were performed. Therefore, each subject performed 210 tests, and, in total, the ten subjects performed 2,100 tests. We analyzed the experimental results and investigated the correlations between each score of the evaluation words and loudness, and between each score and sharpness. Table 6 shows the correlation coef- ficients between loudness (sharpness was constant.) and the evaluation words, and between sharpness (loudness was constant.) and the evaluation words. In Table 6 , loudness strongly correlates with ''quiet,'' ''dry,'' ''violent,'' and ''wide'' when sharpness was constant. We consider, therefore, that loudness is strongly related to the rough factor. When loudness was constant, sharpness correlates with ''heavy,'' ''dry,'' ''refreshing,'' and ''wide.'' The words ''heavy'' and ''wide'' have images related to low-frequency sound. On the other hand, the words ''dry'' and ''refreshing'' have images related to highfrequency sound. It is, therefore, thought that sharpness is related to the space and refreshing factors because these evaluation words describe the space and refreshing factors. This result shows that the comfort of the air-conditioning sounds might be evaluated by using sharpness as a different viewpoint from SPL.
CONCLUSION
In this study, we attempted to evaluate air-conditioning sounds in a vehicle from the viewpoint of sound quality. First, we extracted the seven evaluation words ''quiet,'' ''refreshing,'' ''heavy,'' ''wide,'' ''muddy,'' ''violent,'' and ''dry'' that represent the characteristics of air-conditioning sounds. Next, we carried out subjective evaluation experiments for the air-conditioning sounds in the Vent-, Foot-, and Defroster-modes by the rating scale method using the seven evaluation words. On the basis of the results of the evaluation, we performed a factor analysis and found that the air-conditioning sounds can be represented by the following three factors: the rough factor that is related to the evaluation words ''violent,'' ''dry,'' ''quiet,'' and ''muddy,'' the space factor that is related to ''heavy'' and ''wide,'' and the refreshing factor that is related to ''refreshing.'' We then investigated relationships among the three extracted factors and the SPL of sounds. As a result, we found a strong correlation between the rough factor and the SPL, little correlation between the space factor and the SPL, and a high correlation between the refreshing factor and the SPL. Finally, we discussed the relationships between the three factors and the psychoacoustic parameters of loudness and sharpness. As a result, the rough factor was found to be strongly correlated with loudness. The rough factor also has a strong correlation with SPL. Therefore, the loudness of air-conditioning sound could be evaluated using the SPL. The space and refreshing factors were correlated with sharpness. These results suggest that these factors represent a sound quality that cannot be represented only by using SPL. Therefore, it is important to control the sharpness of the sound to improve the air-conditioning sound quality. 
